Evolution of anthropogenic and biomass burning emissions of air pollultants at global and regional scales during the 1980-2010 period by Granier, C. et al.
Evolution of anthropogenic and biomass burning
emissions of air pollutants at global and regional scales
during the 1980–2010 period
Claire Granier & Bertrand Bessagnet & Tami Bond & Ariela D’Angiola &
Hugo Denier van der Gon & Gregory J. Frost & Angelika Heil & Johannes W. Kaiser &
Stefan Kinne & Zbigniew Klimont & Silvia Kloster & Jean-François Lamarque &
Catherine Liousse & Toshihiko Masui & Frederik Meleux & Aude Mieville &
Toshimasa Ohara & Jean-Christophe Raut & Keywan Riahi & Martin G. Schultz &
Steven J. Smith & Allison Thompson & John van Aardenne & Guido R. van der Werf &
Detlef P. van Vuuren
Received: 17 September 2010 /Accepted: 21 June 2011 /Published online: 9 August 2011
# Springer Science+Business Media B.V. 2011
Abstract Several different inventories of global and regional anthropogenic and biomass
burning emissions are assessed for the 1980–2010 period. The species considered in this study
are carbon monoxide, nitrogen oxides, sulfur dioxide and black carbon. The inventories
considered include the ACCMIP historical emissions developed in support of the simulations
for the IPCC AR5 assessment. Emissions for 2005 and 2010 from the Representative
Concentration Pathways (RCPs) are also included. Large discrepancies between the global and
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regional emissions are identified, which shows that there is still no consensus on the best
estimates for surface emissions of atmospheric compounds. At the global scale, anthropogenic
emissions of CO, NOx and SO2 show the best agreement for most years, although agreement
does not necessarily mean that uncertainty is low. The agreement is low for BC emissions,
particularly in the period prior to 2000. The best consensus is for NOx emissions for all
periods and all regions, except for China, where emissions in 1980 and 1990 need to be better
defined. Emissions of CO need better quantification in the USA and India for all periods; in
Central Europe, the evolution of emissions during the past two decades needs to be better
determined. The agreement between the different SO2 emissions datasets is rather good for
the USA, but better quantification is needed elsewhere, particularly for Central Europe, India
and China. The comparisons performed in this study show that the use of RCP8.5 for the
extension of the ACCMIP inventory beyond 2000 is reasonable, until more global or regional
estimates become available. Concerning biomass burning emissions, most inventories agree
within 50–80%, depending on the year and season. The large differences between biomass
burning inventories are due to differences in the estimates of burned areas from the different
available products, as well as in the amount of biomass burned.
1 Introduction
An accurate knowledge of the spatial and temporal distribution of surface emissions and of
their evolution over time is essential to support the analysis and modeling of air quality and
climate change issues. Furthermore, up-to-date and consistent emissions are required for the
forecasting of the atmospheric composition at global and regional scales. Emission data are
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used to drive simulations of changes in the distribution and deposition of atmospheric
constituents. Over the past few years, several inventories providing the distribution of
surface emissions of gaseous and particulate species were developed, at both the global and
regional scales. In 2008–2009, a group of international scientists developed a new emissions
dataset covering the 1850–2000 period, based on the combination and harmonization of
published and publicly available datasets (Lamarque et al. 2010). This work was undertaken
in order to support both the development of new scenarios for climate research (Moss et al.
2010) and the climate model runs as part of the Coupled Model Intercomparison Project
phase 5 (CMIP5) of the World Climate Research Programme (WCRP). Details on CMIP5
are given in Taylor et al. (2008). The new 1850–2000 harmonized emissions dataset is called
ACCMIP (Emissions for Atmospheric Chemistry and Climate Model Intercomparison
Project). The year 2000 ACCMIP emissions act as a starting point for the development of
the future projections given by different representative concentrations pathways (RCPs) (Van
Vuuren et al., this issue, 2011; Moss et al. 2010).
The quality of the ACCMIP dataset and inventories considered in this paper is difficult
to assess, since the methodology, input data, and assumptions vary strongly between the
inventories. Several evaluations of surface emissions inventories have been published in the
literature, but they have either focused on a few selected inventories, on selected chemical
compounds, on a few regions or on short periods of time. For example, the HTAP 2010
assessment report (available at http://htap.org) mainly focuses its analysis on several
inventories for Asia, similar to the studies published by Zhang et al. (2009), Lei et al.
(2010) and Klimont et al. (2009). Most authors who have described the development of
new or updated surface emissions inventories have compared their inventory with other
datasets, but few of these comparisons have included several datasets and had a global
coverage (Schultz et al. 2008; Lamarque et al. 2010).
Comparisons between observations and model simulations using multiple inventories are
another method that could potentially be used to identify errors in inventory data (Parrish
2006; Berglen et al. 2007; Lamarque et al. 2010). Definitive conclusions, however, are
difficult to achieve since model biases are often not well quantified, inventories have different
time resolution and spatial gridding assumptions, and the most common observational
comparison metrics such as aerosol optical depth, particle concentrations and ozone
distribution are the result of emissions of multiple species. Furthermore, there are insufficient
data to rigorously compare model simulations with observations before the 1990s.
As part of the development of the ACCMIP emissions dataset, a detailed comparison
and evaluation of different datasets has started. Based on this work, we focus in this paper
on the comparison of several publicly available inventories of anthropogenic and biomass
burning emissions for the 1980–2010 period. This period was chosen, because most of the
inventories currently available cover at least partially these three decades. For the period
beyond 2005, the emissions provided by the RCPs are included in the comparison.
The analysis in this paper will focus mostly on anthropogenic emissions, followed by a brief
analysis of biomass burning emissions. The main goal of the paper is to identify the species and
regions for which a high degree of consistency exist on emission levels and their trends during
the past three decades, and the species and regions for which more work needs to be done to
obtain a better consensus. It should however be noted that a consensus in total and regional
emissions does not mean that the inventories are accurate. Furthermore, a certain amount of
overlap exists between the datasets considered: some data provided by one inventory may have
been used for developing another inventory. Another goal of the paper is to compare the
emissions provided by the Representative Concentration Pathways (RCPs) for active chemical
compounds in 2005 and 2010 with emissions estimated by other methodologies.
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Section 2 will present the main characteristics of the global and regional emissions
inventories used in this study. In Section 3, we will compare the different datasets, for the
global scale, and for a few selected regions, i.e. Europe, the USA, China and India for
anthropogenic emissions, and Africa and South America for biomass burning emissions.
2 Datasets used in the study
This section describes the datasets used in this study, i.e. global anthropogenic emissions,
regional anthropogenic emissions and biomass burning emissions. The datasets described
briefly in the next paragraphs include emission estimates for four primary air pollutants,
carbon monoxide (CO), nitrogen oxides (NOx), black carbon (BC) and sulfur dioxide
(SO2). The analysis of the emissions of volatile organic compounds is not included in this
paper: a large number of emission inventories provide only the distribution of the sum of all
VOCs emissions. A detailed evaluation of these datasets would require a large amount of
work in order to understand the contribution of each individual VOC to the total VOCs
emissions, which is beyond the scope of the paper. A list of the global and regional
emission inventories considered in this study is given in Table 1.
2.1 Global anthropogenic emissions
All anthropogenic emissions estimates are developed using the same generic method,
based on the product of estimates for activity data (such as fuel consumption or
commodity production) and emission factors. Activity data usually originate either with
country records or with international organizations such as the United Nations or the
International Energy Agency; however, since these data are not always consistent, many
inventory developers adjust these data for use in their emission algorithms. Emission
factors for most gaseous and all particulate species depend on the generating process. This
dependence is represented either by specifying the type of technology in each world region
(“technology basis”), or by choosing emission factors that are thought to be representative
of each region, especially with attention to development characteristics (“representative
emission factors”). The following sections indicate the main characteristics of the
inventories considered in the paper.
ACCMIP and Representative Concentration Pathways (RCPs) As indicated in the
introduction, a community effort during the past few years has led to the development of
the ACCMIP emissions, a dataset of monthly, sectoral, gridded anthropogenic and biomass
burning emissions covering the historical period (1850–2000) in decadal increments at a
horizontal resolution of 0.5° in latitude and longitude (Lamarque et al. 2010). The primary
purpose of this work was to provide consistent gridded emissions of reactive gases and
aerosols for use in chemistry model simulations needed by climate models for CMIP5. The
year 2000 was chosen as the reference year, since 2000 emissions represent a combination
of the best information available on existing regional and global inventories in the years
2008–2009 when the inventory was built. For each emission type, 10 emission sources
were specified for 40 regions. ACCMIP emissions for historical years were drawn on the
basis of several of the emission inventories discussed below and will therefore agree closely
with some of them. For example, ACCMIP emissions at the global scale up to 2000
represent a combination of the HYDE, RETRO, PNNL and the Bond inventories described
below. For ozone precursors, the ACCMIP emissions are based on a combination of the
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GAINS and REAS emissions for Asia, on the EMEP emissions for Europe and on the EPA
inventory for the USA. For SO2, ACCMIP uses EPA data as a basis for the emissions in the
USA. Details on the methodology used to generate the ACCMIP emissions are given in
Lamarque et al. 2010.
Table 1 List of anthropogenic emissions inventories considered in this study
Inventories providing global emissions of all species considered, i.e. CO, NOx, BC and SO2
ACCMIP 1980–2010 0.5×0.5 http://ether.ipsl.jussieu.fr/eccad
ftp://ftp-ipcc.fz-juelich.de/pub/emissions/
http://www.iiasa.ac.at/web-apps/tnt/RcpDb
Lamarque et al. 2010
MACCity 1980–2010 0.5×0.5 http://ether.ipsl.jussieu.fr/eccad
RCPs 2000–2010 0.5×0.5 http://ether.ipsl.jussieu.fr/eccad
ftp://ftp-ipcc.fz-juelich.de/pub/emissions/
http://www.iiasa.ac.at/web-apps/tnt/RcpDb
EDGAR v3 1990, 1995
2000
1×1 http://edgar.jrc.ec.europa.eu
Olivier et al. 2005
HYDE 1980, 1990 1×1 Van Aardenne et al. 2001
http://www.pbl.nl/en/themasites/hyde/index.
html
RETRO 1980–2000 0.5×0.5 http://retro.enes.org/data_emissions.shtml
GAINS 1990–2010 http://gains.iiasa.ac.at/gains
Global inventories providing a selected number of species
BOND (BC) 1980–2000 1×1 http://www.hiwater.org/
Bond et al. 2007
J&L / Junker &Liousse
(BC)
1980–2000 1×1 Junker and Liousse 2008
AEROCOM (SO2 and
BC)
1980–2006 1×1 http://dataipsl.ipsl.jussieu.fr/AEROCOM
PNNL (SO2) 1980–2005 0.5×0.5 Smith et al. 2004; Smith et al. 2010
I&P / Ito and Penner
(BC)
1980–2000 1×1 Ito and Penner 2005
Novakov (BC) 1980–2000 Not gridded Novakov et al. 2003
Regional inventories
EMEP 1980–2010 0.5×0.5 http://www.ceip.at/emission-data-webdab/
emissions-used-in-emep-models/
TNO 2003–2007 0.125×0.0625 ftp://neptunus.tno.nl/TNO/MEP/EM/MACC/
Denier van de Gon et al. 2010
INERIS 1998–2007 0.1×0.1 and
0.5×0.5
http://cityzen-project.eu/
EPA 1980–2008 Not gridded http://www.epa.gov/ttn/chief/trends/index.html
REAS 1980–2010 0.5×0.5 http://www.jamstec.go.jp/frcgc/research/p3/
reas_h_a.html
Ohara et al. 2007
ACCESS 2000 and
2006
0.5×0.5 http://www.cgrer.uiowa.edu/ACESS/
acess_index.htm
Streets et al. 2003; Zhang et al. 2009
Garg 1985–2005 Not gridded Garg et al. 2006
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The projections of future emissions (Representative Concentration Pathways) are based
on the outcomes of four independent modeling teams. The RCPs are named according to
their 2100 radiative forcing level, i.e. RCP 8.5 corresponds to a radiative forcing of 8.5 W.
m−2 in 2100. As a “handshake” requirement, the future emissions were forced to agree with
the 2000 estimates, ensuring continuity between past, 2000 emissions and future
projections.
In this study, emissions provided by each RCP for 2005 and 2010 are also included in
the comparison. Data for each of the four RCPs is available at: http://www.iiasa.ac.at/web-
apps/tnt/RcpDb, with further description provided in separate papers in this issue.
MACCity emissions As part of two projects funded by the European Commission, MACC
(Hollingsworth et al. 2008; http://www.gmes-atmosphere.eu/) and CityZen (http://cityzen-
project.eu/), an extension of the ACCMIP historical emissions dataset to the year 2005 has
been developed. Within these two European projects, simulations of changes in the
chemical composition of the atmosphere during the past decades have been performed.
Since no global database existed which provide emissions of the main tropospheric gases
for each year during the 1990–2010 period, a dataset was created, based on the 1990 and
2000 ACCMIP emissions, and the 2005 and 2010 emissions provided by RCP 8.5. This
scenario includes some information on recent emissions at the regional scale in Europe and
North America. The emissions for each compound were linearly interpolated, for each
sector and each year between 2000 and 2005, and for each year between 2005 and 2010,
using the ACCMIP and RCP 8.5 emissions. The acronym for the emissions defined by this
interpolation is MACCity.
EDGAR and EDGAR-HYDE inventories The EDGAR project was developed by the
Netherlands Environmental Assessment Agency (PBL) and the Netherlands Organization
for Applied Scientific Research (TNO), during the 1992–2004 period. Since 2005, the
EDGAR project has been developed as part of a collaboration between PBL and the
European Commission’s Joint Research Center (JRC). In this study, we have used the
emissions provided by two versions of the EDGAR inventory. EDGARv32 provides
emission of direct greenhouse gases for the 1970–1995 period. Emissions of ozone
precursors and SO2 for the 1990–1995 period are also available by country and on a 1×1
degree grid (Olivier and Berdowski 2001). We have also used the EDGARv32-FT2000
inventory, which comprises global anthropogenic emissions for the year 2000, excluding
BC. The dataset is based on the EDGARv32 estimates for 1995 and prepared by trend
analyses at country level for each standard source category of EDGARv32 (Olivier et al.
2005). In the figures and tables discussed in the paper, the data for 1990, 1995, and 2000
are indicated by the label “EDGAR”.
A second inventory was developed by PBL, called EDGAR-HYDE (van Aardenne et al.
2001). EDGAR-HYDE provides emissions of greenhouse gases and precursor gases for the
period 1890 to 1990, with a 10-year timestep and a 1×1 degree resolution. HYDE uses
representative emission factors to estimate the emissions. In the plots presenting and in the
discussion section, EDGAR-HYDE is indicated by "HYDE".
RETRO inventory Within the RETRO project (REanalysis of the TROpospheric chemical
composition) (Schultz et al. 2007), global gridded data sets were generated, which provide
anthropogenic and vegetation fire emissions of several trace gases, except BC. The species
considered are carbon monoxide, nitrogen oxides, and several hydrocarbons. The RETRO
dataset covers the period from 1960 to 2000 at a monthly time resolution. Anthropogenic
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emissions in the RETRO inventory are derived from a preliminary version of the TNO
emissions, described in the section on regional inventories. The anthropogenic emissions in
the RETRO inventory cover combustion sources only.
GAINS inventory Emissions for Europe (Kupiainen and Klimont 2007), Asia (Klimont et
al. 2009) and at the global scale (Cofala et al. 2007; Isaksen et al. 2009) are developed at
IIASA (International Institute for Applied Systems Analysis), using the GAINS
(Greenhouse Gas and Air Pollution Interactions and Synergies) model (http://gains.iiasa.
ac.at/gains). GAINS enables an examination of the co-benefits of simultaneous reduction of
air pollution and greenhouse gas emissions. This model systematically compiles country-
and sector-specific information for all countries and regions of the world: it combines
national data and sectoral economic development with emission factors that describe the
technical features of the emission sources. Emissions of pollutants are calculated as a
product of activity level and emission factors; the latter are estimated considering removal
efficiency of specific control technology and its implementation level in a given sector. The
model does not include international shipping. In the comparisons of global totals with
other estimates, shipping emissions from the ACCMIP inventory have been added to the
GAINS emissions. The emissions used in the paper up to 2010 are estimated using the
World Energy Outlook 2009 (IEA 2009). These data include an assessment of the impact on
energy use of the recent economic downturn.
Bond Black Carbon inventory The Bond inventory (Bond et al. 2007) provides trends in
the emissions of black and primary organic carbon emissions between 1850 and 2000.
The estimates assume that the emissions of particulate matter depend mainly on
technology choices. The emissions are calculated, based on a sectoral, fuel-specific
reconstruction of fossil fuel consumption and on historical estimates of bioenergy
consumption. The methodology described in Bond et al. (2007) includes an analysis of
the fossil fuel consumption during the past decades, as well as of the emission factors for
different sectors.
Junker and Liousse (J&L) Black Carbon inventory Country by country emission
inventories for carbonaceous and organic aerosol for the period 1860 to 2003 are given
in the J&L emissions dataset (Junker and Liousse 2008; Assamoi and Liousse 2010). The
inventory has been constructed on the basis of historic fuel production, use and trade data
sets published by the United Nation’s Statistical Division UNSTAT (1997), Etemad et al.
(1991) and Mitchell (1992). Three main sectors are considered, i.e. traffic, domestic and
industrial. The inventory uses representative emission factors, but these are treated as
variable over time, using different levels of economic and technological development in
each country. Emission maps have been generated with a 1×1 degree resolution based on
the relative population density in each country.
Novakov Black Carbon inventory Historical trends of fossil-fuel BC emissions in six
regions, i.e. United States, United Kingdom, Germany, Soviet Union, India and China were
estimated (Novakov et al. 2003). In 1990, these countries accounted for about 70% and
60%, respectively, of the world consumption of coal and diesel fuel, which are the principal
BC-producing fossil fuels. The estimates were extrapolated to global emissions from 1875
onward. Qualitative features in these trends show rapid increase in the latter part of the
1800s, the leveling off in the first half of the 1900s, and the re-acceleration in the past
50 years as China and India developed.
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Ito and Penner inventory The Ito and Penner (2005) inventory for black carbon
considers emissions from biofuel and fossil fuel use for the 1870–2000 period. Biofuel
emissions are first developed for developing countries for the recent years, and are then
scaled forward and backward in time using population statistics and crop production
statistics. In developed countries, wood consumption data together with emission factors
for cooking and heating practices are used for biofuel estimates. Fuel consumption data
(UN for 1950–1970 and IEA for 1970–2000) and specific emission factors for different
fuel use categories from Bond et al. (2004) are used to develop an inventory linked with
fossil fuel usage. Technology changes in emissions from the diesel transport sector are
included.
AEROCOM BC and SO2 hindcast inventory The AEROCOM-project (http://dataipsl.ipsl.
jussieu.fr/AEROCOM) is an open international initiative of scientists interested in the
advancement of the understanding of the global aerosol and its impact on climate. These
emissions are based on a compilation of emissions dedicated to help the hindcast
simulations of aerosols, i.e. the Bond et al. (2004) emissions for BC, the EDGARv32 for
SO2, and yearly emissions from 1980 to 2006 from Streets et al. (2004, 2008). The species
provided by this inventory, which include emissions from ships, are black and organic
carbon as well as sulfur dioxide.
SO2 PNNL inventories The SO2 emissions reported by Smith et al. (2004) provide
estimates of sulfur dioxide emissions over the last one and a half centuries. The inventory
includes all anthropogenic sources and was constructed using a combination of bottom-up
and best available inventory methods. Annual emissions were extrapolated to a 1×1 degree
grid for the time period 1850–2000. Emissions factors vary with time to account for sulfur
removals from fossil fuels and industrial smelting processes, using mass balance
calculations and calibration to country-level inventories. A new inventory has been
developed by Smith et al. (2010), which provides global and regional SO2 emissions for the
1850–2005 period using a similar methodology, incorporating updated datasets.
2.2 Regional anthropogenic inventories
EMEP emissions for Europe The UNECE/EMEP emission inventory for Europe contains
national total emissions, sector data and gridded emission data for modeling purposes
(Vestreng et al. 2007). Scenarios for the years 2010 and 2020 are also included in the
inventory. The emission data are based on officially reported emissions to the extent
possible (http://www.emep-emissions.at), but some of the officially reported data have
been corrected and gaps have been filled. Only the anthropogenic part of the emissions is
used here.
TNO and INERIS emissions for Europe On the basis of the EMEP emissions, TNO
(Netherlands Organization for Applied Scientific Research) has developed a gridded
emission inventory at a 0.125×0.0625 degree resolution for the year 2005 (Denier van der
Gon et al. 2010). TNO performed different consistency checks of the European emissions,
and the emissions were distributed according to a set of proxy maps. Emissions for the
2003–2007 period were developed using national emissions when available, and linear
interpolations for each source category based on the 2010 projections for countries for
which no data other than for 2005 were available.
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The EMEP-INERIS inventory is an EMEP-based emission database that uses landcover
data at very fine resolution (GlobCover: Bicheron et al. 2006) to remap the emissions from
0.5°×0.5° to 0.1°×0.1° resolutions. GlobCover products are based on the ENVISAT
satellite mission's MERIS sensor (Medium Resolution Image Spectrometer) acquired in
Full Resolution (FR) mode with a spatial resolution of 300 m. GlobCover LC v2 was
derived from an automatic and regionally-tuned classification of a time series of MERIS FR
composites covering the period December 2004–June 2006. Agricultural EMEP emissions
have been regridded over the “crops” classes and the other anthropogenic emissions were
reallocated over “artificial zones”.
EPA emissions for the United States In 2009, the US EPA reported the latest information on
anthropogenic emissions trends in the USA from 1980 to 2008. These data were obtained
through the EPA's National Emissions Inventory (NEI) Air Pollutant Emissions Trends Data
database (US EPA, 2001; http://www.epa.gov/ttnchie1/trends/). The EPA trends data sets do
not include information for BC. Since 1985, the basis for these emission trends estimates
has been the NEI or its predecessors. The NEI methodologies are developed and
promulgated by the EPA, while the estimation and submission of the emissions data itself
is by state and local air quality agencies working in partnership with the EPA. The
methodologies employed depend on the pollutant and the year, but the emission factors
used are specific to each installation or source group. The EPA also carries out periodic
projections of these data for future years not yet covered by a complete NEI (e.g., 2009).
The EPA interpolates emissions data for each source category in years other than the NEI
base or projected years.
REAS emissions for Asia An emission inventory for Asia called REAS (Regional Emission
inventory in ASia) was developed for the period 1980–2020 (Ohara et al. 2007). REAS
integrates historical, present, and future emissions in Asia using a consistent methodology;
it uses representative emission factors for each sector. The REAS inventory includes
historical emissions for 1980–2003, and projected emissions for 2010 and 2020 from fuel
combustion and industrial sources. Total energy consumption in Asia more than doubled
between 1980 and 2003 causing a rapid growth in Asian emissions, which are provided by
this inventory. Large increases in China were mainly caused by increases in coal
combustion in the power plants and industrial sectors. Future emissions in 2010 and
2020 in Asian countries were projected by emission scenarios and from emissions in 2000.
For China, three emissions scenarios were developed, PSC (policy success case), REF
(reference case), and PFC (policy failure case). In this paper, the emissions from the PFC
scenario are used to illustrate the emission increase in China after 2000.
TRACE-P and INTEX-B emissions for Asia from the ACCESS system An inventory providing
emissions for Asia, using a technology basis, was developed for the year 2000 (Streets et al.
2003), in support of the NASA TRACE-P (Transport and Chemical Evolution over the
Pacific) campaign and ACE-Asia (Asian Pacific Regional Aerosol Characterization
Experiment). In order to take into account the economic growth in East Asia since 2000, a
new inventory was developed for Asia in support of NASA INTEX-B experiment. Details on
this inventory are given in Zhang et al. (2009), which provides updated values for 2001 and
new emissions for 2006. The emission changes between the 2000 and 2006 inventories reflect
a combination of the actual growth in emissions due to increasing economic development in
Asia, the effects of replacing the TRACE-P 2000 inventory by local inventories in several
countries, and improvements and corrections made to the original TRACE-P inventory.
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Both the TRACE-P and INTEX-B inventories are distributed as part of ACCESS (ACE
Asia and Trace-P Modeling and Emission Support System). The acronym ACCESS used in
the paper will refer to these two Asian inventories.
Garg inventory for India The Garg et al. (2006) inventory incorporates scientific estimates
for Indian emissions for the 1985–2005 period for CO, NOx and SO2. The inventory uses
the data provided by international databases such as the International Energy Agency
(http://www.iea.org), as well as data from national, state and district level administrations in
India. India-specific emission factors were used when available, for example for NOx
released from diesel and gasoline used in road transport, or for NOx and CO emissions from
the burning of crop residues.
2.3 Global biomass burning emissions
GFED-v2 and GFED-v3 inventories The Global Fire Emissions Database (GFED) contains
emissions from open fires for the 1997–2004 period, which have been updated annually
(van der Werf et al. 2006). The methodology relies heavily on satellite data and includes all
fires that can be detected from space. Smaller agricultural fires may not be detected, but all
grassland, savanna, and forest fires (including deforestation fires) are included. Emissions
are calculated as the product of burned area (Giglio et al. 2010), fuel loads, combustion
completeness, and emission factors (Andreae and Merlet 2001). Satellite-derived burned
areas drive the fire module of a biogeochemical model that calculates fuel loads for each
month and grid cell. Combustion completeness is also calculated in the model based on fuel
types and moisture conditions. A new version of the inventory that covers the 1997–2009
period, called GFED-v3, was made available at the beginning of 2010 (van der Werf et al.
2010). Both GFED-v2 and GFED-v3 emissions are considered in the paper.
RETRO inventory The RETRO inventory of biomass burning emissions (Schultz et al.
2008) is based on a critical review of the available literature and datasets reporting on the
emissions of carbon and several trace species from wildland fires. Quantitative and semi-
quantitative information from a large amount of different sources was used to estimate
annual total direct carbon emissions for the time period from 1960 to 2000. A numerical
model with a semi-physical approach was used to simulate fire occurrence and fire spread,
using different satellite products. Vegetation fire emissions were constructed from a large
variety of sources with the objective to provide a reasonable estimate of emissions including
their seasonal and interannual variability in the major burning regions of the world.
MACCity – ACCMIP emissions The ACCMIP historical dataset (Lamarque et al. 2010)
provides decadal monthly mean biomass burning emissions. In order to evaluate the large
interannual variability of biomass burning emissions, the decadal ACCMIP emissions was
extended: yearly monthly mean emissions of trace species are calculated from spatio-
temporally modified RETRO carbon emission data for the years 1980 to 1996 and from
GFED-v2 carbon emission data for the years 1997 to 2008, by applying a single set of
vegetation-type specific emission factors and the predominant vegetation map used in the
GFED-v2 inventory. In areas covered by peat soils, emissions from peat fires are included
into the emission calculation. As for anthropogenic emissions, the monthly emissions for
the 1997–2008 emissions were built as part of the MACC and CityZen projects, and we
will use the MACCity acronym to represent this inventory.
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GICC inventory The GICC (Global Inventory for Chemistry Climate Studies) inventory
provides emissions of gases and particles from biomass burning on an annual basis for the
period 1997–2005, and on a decadal basis for the historical period 1900–2000 (Mieville et
al. 2010). For the recent 1997–2005 period, fire emission estimation is based on satellite
products (GBA2000 burnt areas, ATSR fire counts), and on the GLC2000 vegetation map.
For the 20th century, average annual emissions for each decade are derived from a historical
reconstruction of burnt surfaces at 1°×1° (Mouillot and Field 2005).
Kloster inventory The biomass burning inventory by Kloster et al. (2010) is based on
simulations performed with the Community Land Model (CLM-CN, Thornton et al. 2007)
for the 20th century. The CLM-CN model was extended by a prognostic treatment of fire
emissions of carbon and other compounds based on the work by Arora and Boer (2005).
The model includes an explicit treatment of human ignition of fires and fire suppression as
a function of population density: the probability of human ignition increases with
population density, and fire suppression varies as well with population density, with the
highest fire suppression rate in densely populated areas. The spatial resolution of the fires
emissions dataset is 1.9×2.5°.
2.4 Regional biomass burning inventories
AMMABB inventory The AMMABB biomass burning inventory for Africa was built in
order to derive daily gaseous and particulate emissions for the 2000–2007 period, at a
resolution of 1×1 km (Liousse et al. 2010). This inventory was developed in the framework
of the AMMA (Multidisciplinary Analyses of African Monsoon) program. It is based on
the L3JRC burned area product (Tansey et al. 2008, available at http://bioval.jrc.ec.europa.
eu/). The inventory uses similar data, i.e. the GLC2000 land cover information, and the
same biomass density, combustion efficiency and emission factors as in the GICC inventory.
Note that corrections have been applied to the estimated L3JRC burned area for two land
cover classes: the deciduous broad-leaved tree (GLC03) and the deciduous shrub cover
(GLC12) classes, following an analysis of high resolution satellite data (Landsat Thematic
Mapper).
A list of the inventories of biomass burning emissions considered in the paper is given in
Table 2.
3 Comparisons of inventories
3.1 Anthropogenic emissions
In this section, we compare the emissions provided by different global and regional
datasets. It should be noted that some of the inventories considered in the study are not
independent of each other. The ACCMIP and MACCity inventories are by definition based
on other inventories. Specifically, as already indicated in Section 2, they represent a
combination of the HYDE, RETRO, PNNL and Bond et al. anthropogenic emissions at the
global scale up to 2000. ACCMIP and MACCity are also using the EPA, EMEP, REAS and
other inventories at the regional scale for 2000. MACCity is also based on RCP8.5
emissions between 2001 and 2010.
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3.1.1 Anthropogenic emissions at the global scale
Figure 1 displays the global anthropogenic emissions of BC, CO, NOx and SO2 at the
global scale. These totals include ship emissions. SO2 and BC emissions are available from
13 to 12 inventories, respectively, while ten inventories provide emissions for CO and NOx.
Most of the inventories providing BC show a slight increase in the emissions since 1980.
However, the Junker and Liousse (J&L) inventory as well as the Novakov data show a
Table 2 List of inventories and time periods considered for the evaluation of biomass burning emission
Acronym Period Spatial resolution Reference and/or website
GFED2 1997–2008 1°×1° http://ess1.ess.uci.edu/~jranders/data/GFED2/
van der Werf et al. 2006
GFED3 1997–2009 0.5°×0.5° http://www.falw.vu/~gwerf/GFED/index.htm
van der Werf et al. 2010
GICC 1997–2005 0.5°×0.5° http://www.aero.jussieu.fr/projet/ACCENT/GICC.php
Mieville et al. 2010
AMMABB 2000–2007 1×1 km Liousse et al. 2010
Kloster 1980–2005 1.9°×2.5° Kloster et al. 2010
RETRO 1980–2000 0.5°×0.5° http://retro.enes.org
MACCity 1980–2008 0.5°×0.5° http://ether.ipsl.jussieu.fr/eccad
ftp://ftp-ipcc.fz-juelich.de/pub/emissions/
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Fig. 1 Comparisons of global emissions of BC (top left), CO (top right), NOx (bottom left) and SO2 (bottom
right) from 1980 to 2010. SO2 total emissions from Stern (2006) are also included in the figure
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decrease in the emissions in the 1990s, though the decline is less pronounced in the Novakov
inventory. The larger decrease in emissions until the mid-1990s in the J&L inventory is the
result of the larger changes in diesel and gasoline use emissions factors during the 1980s and
1990s, when compared to the other inventories. The differences in BC emissions are rather
large in the 1980s and the 1990s, i.e. 53% between the highest and lowest total emissions in
1980, and a 51% difference in 1990. There is a better consensus in the 2000, with a
maximum difference of 22% between the inventories. Still, all these differences are within
the uncertainty range estimated in Bond et al. (2004), though the authors indicate that this
range might be overestimated. In 2010, the GAINS emissions are 5% higher than the
MACCity projected emissions. For 2010, RCP2.6 (also referred to as RCP3PD) provides the
highest total emissions, which are 20% higher then those provided by RCP 8.5.
There is a rather good consensus on the NOx global emissions. All the datasets show a
slight increase in the emissions during the considered period. In 1980, the difference
between the three totals available is 13%. In 1990 and 2000, five inventories are available,
and the maximum difference between the totals is 18% and 17%, respectively. In 2010, the
emissions from the RCPs are all within an 8% range, while GAINS estimates are about
20% lower.
The global CO emissions show a rather similar pattern, i.e. an increase between 1980
and 1990, followed by a slight decrease until 2000–2005. There is, however, a significant
spread among the totals, which differ by about 27% in 1980, 30% in 1990 and 28% in 2000
between the lowest and highest values. For most years, except 1990, the RETRO inventory,
which does not include non-combustion sources, provides the lowest estimates of the total
emissions. In 2005, the different RCPs provide the same values, around 610 Tg CO/year,
within a 9% margin. In 2010, RCPs 8.5, RCP6, RCP2.6 and GAINS provide similar totals,
while RCP 4.5 total emissions are 15% higher.
For SO2, most inventories indicate a significant decrease in the emissions during the
period considered in this study. In 1980, the difference between the lowest and highest
estimate is 18%, and reaches 42% in 2000, when the EDGAR v3.2 inventory provides
larger values than other inventories. The higher values in EDGARv3.2, especially after
1995, are due to different assumptions about changes in activity levels.
After 2000, the emissions from the AEROCOM dataset show a significant increase,
contrary to the other inventories, which do not show significant changes. SO2 emissions
have significantly decreased in most part of the world after 2000, except in Asia. In the
AEROCOM inventory, SO2 emissions are also increasing in China, but they are either
constant or increasing as well in other parts of the world, which explains the increase in the
global emissions totals. It should be noted that the SO2 ACCMIP emissions up to 2000 are
based on the PNNL-2010 dataset, which explains why the emissions totals are very close in
these two datasets. A further comparison of SO2 emissions is provided in Smith et al. 2010.
3.1.2 Anthropogenic emissions at the regional scale
This section discusses a comparison of emissions for several regions, i.e. Western Europe,
Central Europe, USA, China and India. These regions were chosen because they are the
only regions for which long-term regional anthropogenic emissions are available, as
indicated in Section 2. We have used the definition of the regions provided by the IMAGE
24 dataset, except for India, which is not part of the IMAGE 24 regions. The IMAGE 24
regions have been used as a basis of the ACCMIP/RCP inventory (see http://themasites.pbl.
nl/en/themasites/image/background/regions/index.html). The regions map is based on the
individual country map given in the National Identifier Grid of the Gridded Population of
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the World, version 3 (GPWv3) at 2.5 min resolution (available at http://sedac.ciesin.
columbia.edu/gpw/). The IMAGE24 region code was assigned to the respective countries
and regridded to 0.5°. The countries included in each region are indicated in Table 3. Note
that the China region includes Tibet, Mongolia and Taiwan.
For biomass burning emissions, which will be discussed in Section 3.2, the discussion
will focus on Africa and South America, where biomass burning emissions are the largest.
European emissions Total emissions for Western and Central Europe are shown in Fig. 2.
All the inventories show almost no changes in the BC emissions in Western Europe during
the considered period, except from the J&L inventory, which provides emissions of about
0.8 Tg C/year in the 1980s and a strong decrease afterwards resulting from estimated large
changes in BC emission factors for diesel and gasoline use. The AEROCOM inventory
shows a slight decrease up to the late 1990s, followed by a slight increase. In 2000, all
inventories agree within 20%. The agreement between the ACCMIP, AEROCOM, GAINS
and RCPs emissions is rather good in 2005, while differences up to 66% exist between the
different RCP emissions in 2010, which illustrates the difference in the assessment models
used to generate the scenarios.
Large differences are observed in BC estimates for Central Europe. In 1980, the highest
value is given by the J&L dataset, i.e. 0.44 Tg C/year, while the lowest value, at 0.18 is
given by the Bond inventory, i.e. a difference of a factor of 2.4. The two other available
datasets, GAINS and AEROCOM provide values between these two extremes. In 1990 and
2000, the differences are similar, i.e. a factor of 2.5 in 1990 between the lowest and highest
estimate, and a somewhat smaller factor of 1.9 in 2000. The rate of change is also quite
different between the datasets. After 2000, the GAINS, Bond and ACCMIP inventories
show a slight decrease, while J&L and AEROCOM show a slight increase.
CO and NOx emissions in Western and Central Europe show similar patterns of
decreasing emissions during the considered period. One exception is the HYDE inventory
which shows an increase in CO emissions in Western Europe up to 1990. In Western
Europe, most inventories agree rather well: all the emissions, except for CO from RETRO,
agree to within 20%.
Differences in Central Europe emissions are larger, i.e. 43% and 32% in 1980 for CO
and NOx emissions, respectively. After 1990, more inventories are available. The ACCMIP
Table 3 Regions used in the evaluation of regional emissions, based on IMAGE 2.4
Region Countries included in the region
Western Europe Austria; Belgium; Denmark; Finland; France; Germany Greece;
Iceland; Ireland; Italy; Luxemburg; Malta
Netherlands; Norway; Portugal; Spain; Sweden
Switzerland; United Kingdom
Central Europe Albania; Bosnia and Herzegovina; Bulgaria, Croatia
Cyprus, Czech Republic, Estonia; Hungary; Latvia
Lithuania; Macedonia; Poland; Romania
Serbia and Montenegro; Slovakia; Slovenia
United States United States of America
China China, including Tibet, Mongolia and Taiwan
India India
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and EDGAR emissions are rather close, and about 33% higher than the RETRO, EMEP,
TNO, INERIS and GAINS, which are close to each other. The difference between the
lowest and highest emission reaches 60% in 1990 and 58% in 2000.
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c d
e f
g h
Fig. 2 Evolution of the emissions of the emissions of BC (1st row), CO (2nd row), NOx (3rd row) and SO2
(last row) emissions in Western Europe (left column) and Central Europe (right column) from 1980 to 2010
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According to most inventories considered in this study, SO2 emissions have decreased
constantly in Western Europe during the past 30 years. The inventories differ by about 25%
in 1980. From 1980 to 2000, the PNNL-2004, PNNL-2010 and ACCMIP global
inventories agree very well with the EMEP regional inventory, and show a decrease of a
factor of 3.8–4.5. The AEROCOM inventory also shows a decrease, but with a lower
magnitude (factor 2.1). After 2000, the MACCity and EMEP inventories continue to show
a decrease in the emissions, by a factor of about 2 between 2000 and 2010. Both inventories
are close to RCP 8.5, 4.5 and 2.6 in 2005, and to RCP 8.5 in 2010, while other RCPs
predict slightly higher values in 2010. The PNNL-2004 and AEROCOM emissions remain
rather constant after 2000, and PNNL-2004 values are close to RCP 6 values. The HYDE
and EDGAR inventories display a rather different behavior when compared to the other
inventories. The HYDE emissions stay rather constant between 1980 and 1990. The
EDGAR emissions, while decreasing between 1990 and 2000, display significantly higher
values than the other inventories.
For Central Europe, large differences can be seen between the estimates of total SO2
emitted. Most inventories provide rather similar totals in 1980, except for the HYDE values,
which are more than a factor of 2 lower than the others. The PNNL-2004, PNNL-2010 and
EMEP inventories predict a slight increase in the emissions up to year 1987, while the
AEROCOM inventory shows a rather large increase up to 1986. In 1990, all the inventories
agree within 40%. After the beginning of the 1990s, there is a very large difference between
the EDGAR and AEROCOM inventories, which show either a slight decrease (EDGAR) or
a 14% increase from 1990 to 2006 for the AEROCOM inventory. All the other inventories
show a large decrease after 1990, with values in 2010 about 4.5 times lower than in 1990 for
the MACCity, EMEP and PNNL-2010 inventories. The large decrease in the Central
European emissions, as well as the decrease in Western Europe, is well documented and has
been discussed in papers such as Vestreng et al. (2007). Therefore, the trends shown in the
EDGAR and AEROCOM emissions in this part of the world seem inaccurate.
United States emissions The different inventories considered in this study show a general
decrease in the USA emissions since the 1980s, particularly for BC, SO2 and CO (Fig. 3).
For BC emissions, rather good agreement is seen between the inventories, except for the
J&L inventory, which provides much larger emissions than the other datasets in the 1980s.
In 2000, all inventories agree within 52%, with the largest emissions proposed by J&L and
the lowest by GAINS. Low GAINS emissions are possibly linked to differences in
assumptions about vehicle lifetime, and consequently on the impact of non-regulated and
high-emitting vehicles. The trend in the emissions after 2000 varies among the inventories:
J&L and AEROCOM indicate an increase in emissions, while MACCity and GAINS show
a decrease. The spread in BC emissions is also large among the RCPs, with RCP2.6
providing emissions 83% higher than RCP 8.5 in 2010.
Before 1995, there is a significant disagreement between CO emissions provided by the
US EPA regional emissions and the emissions provided by the other inventories, as well as
after 2004. The EPA emissions are 41% larger than the ACCMIP emissions and 87% larger
than the HYDE emissions in 1980. The EPA CO emissions are 19% and 67% larger than
ACCMIP and EDGAR emissions in 1990. In 2000, EPA and ACCMIP emissions are very
close, and are 28% higher than EDGAR emissions. GAINS estimates are comparable to
ACCMIP emissions, and also follow the same trend. An overall decline in US CO emissions
over the period 1980–2008 is expected because of motor vehicle emission controls. The
differences between the inventories of US CO emissions discussed here appear at least in part
to be due to differences in the treatment of traffic emissions, as shown by Parrish (2006).
178 Climatic Change (2011) 109:163–190
The USA is unique among world regions because the emissions of NOx and SO2 from
the power generation sector are in general directly measured, via Continuous Emission
Monitoring Systems (CEMS, http://www.epa.gov/ttnemc01/cem.html). The CEMS data
were incorporated in the EPA data set for all years discussed in this paper. Power generation
represents a significant portion of USA NOx and SO2 emissions (18–26% and 65–72%,
respectively). As a result, it is expected that the EPA estimates for total US NOx and SO2
emissions are more reliable than estimates from other inventories.
Depending on the inventory, NOx emissions in the USA display relatively constant
values from 1980 to 2000. After 2000, both the ACCMIP and EPA inventories show a
decrease with rather similar decreasing trends. This decrease in NOx emissions results
from controls in electric power generation and on motor vehicles that were instituted in
the late 1990s and early 2000s. RCP 6 and RCP 4.5 display a relatively small decrease in
the 2000s, while the other RCPs project a significant decrease in NOx emissions in 2005
and 2010.
USA SO2 emissions as proposed by the different inventories agree rather well, except for
the HYDE inventory in the 1980s–1990s, which gives much higher values than other
datasets. In 2000, the difference between the highest and lowest emissions is 24%. After
2000, the ACCMIP, AEROCOM, GAINS, PNNL-2010 and EPA inventories provide similar
decreasing values, while PNNL-2004 emissions, based on earlier data, show a fairly
constant value until 2005.
Asian emissions Figures 4 and 5 display the emissions provided by different inventories for
China (Fig. 4) and India (Fig. 5) from 1980 to 2010, for BC, CO, NOx and SO2. The large
changes between 2000 and 2006 in the ACCESS emissions in China for all species and for
BC in India are due to the fact that the 2000 inventory prepared for the TRACE-P mission
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c d
Fig. 3 Emissions of BC (top left), CO (to right), NOx (bottom left) and SO2 (bottom right) in the United
States from 1980 to 2010
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Fig. 5 Emissions of BC (top left), CO (to right), NOx (bottom left) and SO2 (bottom right) in India from
1980 to 2010
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Fig. 4 Emissions of BC (top left), CO (to right), NOx (bottom left) and SO2 (bottom right) in China from
1980 to 2010
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was revised, using an improved methodology for the year 2006 (Zhang et al. 2009), which
led to significantly larger emissions.
BC emissions in China (India) differ by 64% (98%) and 32% (95%) for 1980 and 1990,
respectively. The J&L dataset provides emissions lower than most other inventories, which
are due to a lower estimate in the emissions from biofuel usage in China.
Though most inventories predict a general increase in BC emissions in China after
1980, the rate of increase is quite variable between the inventories. For example, the
REAS inventory indicates an increase in the BC emissions from 1980 to 1990, followed
by a decrease and again an increase after year 2000. The Bond et al. BC emissions peak
in 1995 and decrease slightly afterwards. The global AEROCOM, GAINS and ACCMIP
inventories display rather similar changes with time, with differences reaching 29% in
2005. In 2005 and 2010, the GAINS and REAS emissions are close to the emissions
provided by RCP6, while the ACCESS inventory provides BC emissions close to the
ones predicted by RCP2.6. In India, all inventories predict an increase, but large
differences between the different inventories are evident, with the largest values provided
by REAS and J&L and the lowest by AEROCOM before 1995 and by the Bond inventory
in the 2000s.
The identification of all the reasons for the differences between the inventories is
difficult to establish quantitatively. One of the reasons is that emissions inventories are
updated regularly, using the most recent activity data and emission factors, which can lead
to significant differences between different updates. This issue is illustrated by the
differences between the GAINS data and a previous version of the inventory, GAINS_2008
(Klimont et al. 2009) shown in Fig. 5. In the GAINS_2008 data set, national data are used,
while IEA (2009) activity data are used in the 2010 inventory. Furthermore, different sets of
emission factors are used in both inventories. The differences between the two inventories
are very large for BC, reaching 32% in 2000 and 58% in 2005.
NOx emissions datasets for India and China show a constant increase in the emissions at
a rather similar rate. The differences between the inventories are larger in India than in
China. In 2003, the regional REAS emissions for China agree within 8% of the MACCity
emissions. In 2005 in China, MACCity and GAINS emissions are very close, but higher by
15–30% than REAS, RCP6 and RCP4.5. In 2006, the ACCESS (INTEX-B) emissions are
the highest. They agree within 9%, with the MACCity emissions. In 2010, the MACCity
and RCP8.5 emissions are similar, while the GAINS projected emissions are closer to the
RCP2.6 emissions, and the REAS emissions are close to RCP4.5. In India, the HYDE,
RETRO and EDGAR emissions, provide larger emissions than the other datasets. All other
inventories agree reasonably well until 2000. In 2005 and 2010, the MACCity emissions
are close to the values provided by RCP 8.5, RCP 4.5 and RCP2.6, while the GAINS
emissions are closer to the values provided by RCP6.
The various CO emissions estimates in China differ by more than 50% and 40% in 1990
and 2000, respectively. After 2000, emissions increase in all inventories. In 2006, as for
NOx, the ACCESS emissions are the highest, with values 20% higher than the MACCity
emissions. In 2010, projected GAINS and REAS emissions agree, with values higher than
those provided by the four RCPs. The four RCPs are close to each other in both 2005 and
2010. In India, the differences between the inventories are very large, and fall into three
groupings of values. The highest estimates are from MACCity and REAS. The lowest
values are from the Garg and the two versions of the GAINS inventory, which provide quite
similar values for CO. RETRO, EDGAR and HYDE provide values between the two
extrema, and are very close to the ACCESS regional inventory. In 2000 and 2005, the ratio
between the highest and lowest values reaches a factor of about 2.
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There is no consensus among the different inventories for the emissions of SO2 for China;
emissions strengths and trends differ significantly between inventories. All inventories agree
on an increase of emissions up to 2000; after 2000, the sign of the trend varies. Differences
in SO2 emissions reach 66% between the lowest and highest emissions in 2000. This
difference is only slightly larger than the uncertainty bound estimated in Smith et al. (2010).
Most of the inventories show either a decline or stagnation in the emissions between 1995
and 2000, except for the GAINS inventory, which displays a constant increase during the
period considered. In 2005, the AEROCOM and REAS emissions are the highest, about 7%
higher than PNNL-2010 and GAINS and 20% higher than MACCity. RCP2.6 and RCP6
emissions are much lower. In 2010, GAINS emissions are higher than all RCPs scenarios.
Differences in assumptions regarding coal sulfur content and retention in ash and
assumptions on actual implementation of control measures have a large impact on emissions
in this region (Smith et al. 2010; Xu et al. 2009), which could explain some of the
differences highlighted here.
There is a rather good consensus in India on the SO2 emission trends: all inventories
provide a very large increase over the time period considered. The EDGAR inventory
provides much larger emissions than the other datasets. The Garg inventory, which is based
on national data gives the lowest emissions, which could be due to differences in the sulfur
content of fuels used in India, as well as to differences in assumptions on energy efficiency
and fuel quality. It should be noted that a previous version of the Garg inventory (Garg et al.
2001) provides emissions much closer to most other inventories used in this study, i.e. 3.54
Tg in 1990 and 4.64 in 1995.
3.2 Comparisons of biomass burning emissions
3.2.1 Biomass burning emissions at the global scale
Several on-going studies are assessing the currently available biomass burning emissions
inventories, such as the BBSO exercise (global Burnt Biomass from Satellite Observations),
where the impact of the use of different satellite products and different algorithms for
estimating burned biomass is estimated (Stroppiana et al. 2010). Other studies have been
recently submitted, which discuss comparisons of methodologies used to derive biomass
burning emissions (van der Werf et al. 2010). A detailed literature review on continental-
scale estimates of biomass burning emissions can be found in Schultz et al. 2008. In this
paper, we will just briefly discuss the differences in current biomass burning inventories,
and we will focus on the emissions of two compounds, CO and BC. The goal of this short
section is to evaluate the relative differences between biomass burning inventories, and
compare these differences with those identified for anthropogenic emissions. The biomass
burning emissions files considered in this paper are not independent: ACCMIP and
MACCity biomass burning emissions are based on the RETRO and GFED-v2 emissions,
and the GFED-v2 and GFED-v3 emissions are developed by the same group.
Biomass burning emissions display a large variability from year to year, as a result of
different environmental and human factors. This large variability during the past 20 years is
captured by all the inventories considered in this study, as shown in Fig. 6. All the
inventories show a maximum of emissions in 1997–1998, when a very intense ENSO
episode occurred. The occurrence of maximum and minimum values is rather well correlated
during the past two decades. There are however very large differences in the magnitude of
the emissions predicted by the different inventories: the GFED-v3 total emissions are
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generally the lowest, while the GICC emissions are the highest, after year 2001. Emissions
are available from all the six considered inventories only for the 1997–2000 period. Over
these 4 years, the lowest values are given by the GFED-v3 (414 Tg CO/year) and Kloster
(416 Tg CO/year) inventories, while the highest values are given by the MACCity (509 Tg
CO/year) and the GICC (496 Tg CO/year) inventories. In 2005, the difference between the
lowest and highest total biomass burning emissions is about 30%. During the 1980–1995
period, the Kloster inventory provides the lowest emissions. The MACCity and RETRO
inventories provide rather similar emissions for CO and almost identical values for BC, i.e.
2.38 TgC/year and 2.3 Tg C/year in 1995, respectively.
3.2.2 Biomass burning emissions at the regional scale
Differences among BC and CO emissions estimates in Africa and South America are very
large, as seen in Fig. 7. As already indicated, the MACCity is using RETRO and GFED-v2
emissions as a basis, and these inventories show rather similar emitted amounts and
interannual variability. The differences between the original RETRO and the MACCity
inventory mainly result from the different vegetation map and the emission factors used.
In both regions, and for both species, the emissions provided by GFED-v3 are
systematically lower than the GFED-v2 estimates, by 10–25%. This difference is discussed
in detail in van der Werf et al. (2010): it is mainly due to the use of a new burned area
dataset, revised dry matter carbon content in the fuel, as well as updated emissions factors,
in tropical forests, in peatlands as well as for woodland burning.
For both species, the emissions provided by the Kloster inventory are on the lower end
for all years in Africa, and the highest emissions are given by the MACCity and GICC
datasets. The values provided by the AMMABB inventory for Africa are much higher than
any of the other inventories, with CO emissions in 2003 higher by a factor of 1.8 and 1.6
than GFED and GICC, respectively. For BC, the 2003 emissions are a factor 2.4 and 1.6
higher than GFED and GICC, respectively. The AMMABB emissions are estimated using
the L3JRC burnt area product (Tansey et al. 2008): the much larger emissions obtained in
this inventory are mainly due to the very large burned areas in African savannas, when
compared to the satellite products used in the other datasets.
In South America, the emissions estimated by GFED-v3, GFED-2 and MACCity are the
lowest among the considered inventories, while the highest values are from the RETRO and
Kloster datasets. Part of the differences could be due to the difficulty of the burned area
datasets used in the GFED inventories and in MACCity to capture accurately deforestation
fires. While this has been taken into account in the GFED-v3 inventory by including active
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Fig. 6 Annual global biomass burning emissions of CO (left) and BC (right) from 1980 to 2010
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fires, it is estimated that only 80% of the deforested area is captured (van der Werf et al.
2010). The larger fire emission in South America in the Kloster inventory could be caused
by several features from the fire model, including an overestimation of the live aboveground
biomass in the Amazon basin simulated within CLM-CN (Kloster et al. 2010).
The differences between the inventories considered in the paper can be in part attributed
to the large discrepancies which remain between the different satellite sensor products
(Boschetti et al. 2004; Giglio et al. 2010; Stroppiana et al. 2010) as well as between the
distribution of biomass densities used in the inventories. The recent study of Stroppiana et al.
(2010) has for example emphasized the need for an accurate parameterization of vegetation
characteristics and conditions at the time of fire for a better estimation of the emissions.
4 Conclusions
In this study, we compared several inventories of anthropogenic and biomass burning
emissions, including the ACCMIP and its new extension, the MACCity dataset. This
analysis, which considers past, current and future emissions, is a major step towards the
development of consistent emissions across different scales. As part of the development of
these new datasets, several different inventories have been assessed, and large discrepancies
between the global and regional emissions have been identified.
A detailed identification of the underlying causes for differences between inventories
would be very difficult to achieve: activity data and details on the emissions factors that are
used to compile the inventories are generally not provided with the inventories.
Furthermore, emissions inventories are updated regularly, using the most recent activity
data and emission factors, which can lead to significant differences between different
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Fig. 7 Emissions of CO (top) and BC (bottom) in Africa (left column) and South America (right column)
from 1980 to 2009
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version of one inventory. Another important issue hampering the identification of the
reasons for differences between inventories is the fact that each inventory/model differs in
the way the data are processed and prepared for the calculations. Such information is either
not provided or quite difficult to assess when available. Finally, some inventories estimate
the emissions on the basis of general aggregated sectors while others might include much
more detail, leading to sometimes important differences.
The evaluation of uncertainties in the emissions is a difficult task. The main sources of
uncertainties in the emissions have been discussed in the HTAP 2007 assessment. A few
inventories provide uncertainties, such as Bond et al. (2004), Schöpp et al. (2005) and
Smith et al. (2010), but uncertainties are not quantified for most inventories used in this
study. It is therefore not possible at this time to evaluate the overall uncertainties on the
emissions estimates discussed here. Furthermore, the quantification of emissions uncer-
tainties due to the propagation of uncertainties on activity data and emission factors is not
available for most inventories.
In order to provide a rough classification of the more and less well known emissions at
the global scale and for the considered regions, Table 4 gives the ratio between the highest
and lowest emissions for 1980, 1990, 2000 and 2005 for the four species considered in this
work. Emissions for which the ratio is closest to one can be considered to be the values
with the best consensus. It should be emphasized again that consensus does not necessarily
imply that uncertainty is low. In some cases, a higher level of consensus may be due to
similar assumptions being used because of the lack of detailed information.
From Table 4, it is clear that, for the past three decades, large discrepancies remain for all
four species considered. For 2000 and 2005 anthropogenic NOx emissions exhibit
reasonable (better than factor 1.7) agreement, and for several regions the agreement is
better than 20%. Recent anthropogenic CO emissions also seem to be reasonably well in
agreement with the exception of India (factor of 2 range) and Central Europe (factor 1.7).
For SO2 differences are at least a factor of 1.2 and often exceed a factor of 2. Interestingly,
SO2 differences are smaller for the period before year 2000. For anthropogenic BC the
inventory differences after year 2000 are similar as for SO2, but here the estimates for
earlier years show greater diversity.
The United Nations Framework Convention on Climate Change (UNFCCC) has
published a set of guidelines for the development of inventories of greenhouse gases
emissions, in order to ensure transparency, accuracy, comparability and completeness of the
datasets (UNFCCC 2006). Most of the scientific inventories discussed in this paper do not
yet apply these guidelines. The discussions of the results obtained in the paper demonstrate
that the application of these guidelines in future inventory work would allow more detailed
comparisons of the emissions, and help identify the reasons for the differences in the global
and regional totals emitted. However, up-to-date inventories are generally not readily
available, and the inventories are then prepared using both actual and projected emissions.
It should be recognized that such up-to-date inventories will not be able to follow the
UNFCCC guidelines.
RCPs emissions for 2005 and 2010 are generally within the boundaries of the values
provided by the available global and regional inventories for 2005 and 2010. However,
RCP6 emissions are significantly larger than other emissions for all species in the USA, and
lower in China, particularly for NOx and SO2. In Central Europe, RCP6 and RCP 4.5
provide significantly higher values for CO than other datasets. The comparisons we
performed show that the use of RCP8.5 for the extension of the ACCMIP inventory beyond
2000 is reasonable, until more global or regional estimates become available, which will
give information on emissions for the past few years.
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Concerning biomass burning emissions, most inventories agree within 50–80%.
However, one of the newest inventories, AMMABB, currently only available for Africa, is
providing emissions about a factor of 2 larger than the other datasets. According to Tummon
Table 4 Ratio between the lowest and highest emissions for each species and each region for the different
periods considered in this study. Numbers lower than 1.3 appear in green, values between 1.3 and 1.7 are in
yellow, and values higher than 1.7 are in red Note that, for CO emissions from biomass burning, the values
are given for 2003 instead of 2005, since the AMMABB emissions are currently available only for 2003 for
CO
1980 1990 2000 2005 
BC anthropogenic 
Global 1.53 1.52 1.13 1.28 
Western Europe 2.08 2.04 1.59 1.34 
Central Europe 2.45 2.50 1.92 1.76 
USA 2.38 2.74 1.53 1.48 
China 1.64 1.32 2.12 1.29 
India 1.99 1.95 1.78 2.27 
BC biomass burning 
Global 1.53 1.36 1.74 1.28 
Africa 2.94 2.65 1.50  1.57 
South America 1.49 1.60 3.18 1.42 
CO anthropogenic 
Global 1.27 1.31 1.28 1.09 
Western Europe 1.34 1.55 1.65 1.28 
Central Europe 1.43 1.56 1.58 1.73 
USA 1.87 1.67 1.69 1.66 
China 1.34 1.54 1.43 1.15 
India 1.31 2.01 1.97 2.00 
CO biomass burning 
Global 1.56 1.84 1.68 1.19 
Africa 2.89 2.78 1.51 1.85 
South America 1.35 1.36 3.04 1.20 
NOx anthropogenic 
Global 1.13 1.18 1.17 1.15 
Western Europe 1.15 1.28 1.15 1.18 
Central Europe 1.32 1.24 1.16 1.23 
USA 1.27 1.41 1.15 1.33 
China 1.91 1.66 1.31 1.32 
India 2.17 2.11 1.68 1.39 
SO2 anthropogenic 
Global 1.19 1.27 1.40 1.32 
Western Europe 1.25 1.49 2.33 2.36 
Central Europe 2.04 1.32 2.08 2.73 
USA 1.23 1.26 1.24 1.47 
China 1.54 1.66 1.78 1.68 
India 1.59 2.09 1.95 1.70 
186 Climatic Change (2011) 109:163–190
et al. (2010), the use of the AMMABB emissions would improve model capabilities to
match observations with regard to aerosols. For CO, the study reported by Chevallier et al.
(2009) using the GFED-v2 emissions shows that using the larger AMMABB African
emissions would likely lead to an overestimation of CO loadings when compared to
MOPITT satellite observations. In contrast, the Barret et al. (2010) study indicates that the
use of GFED-v2 emissions leads to a significant underestimation of CO concentrations when
compared to the MOZAIC aircraft measurements. These conflicting results show that more
detailed work, involving results for more burning regions, is needed to evaluate currently
available biomass burning emissions distributions. For example, recent developments aim at
reducing the errors associated with estimating the available fuel load and combustion
completeness by taking the observed fire radiative power quantitatively into account
(Wooster et al. 2005; Kaiser et al. 2009).
Several studies have provided estimates of both anthropogenic and biomass burning
emissions based on inverse modeling methods for a few species such as CO, NOx and BC
(Kopacz et al. 2010; Chevallier et al. 2009; Tanimoto et al. 2008; Muller and Stavrakou 2005;
Petron et al. 2004). The results of such studies will be considered in follow-up work on the
evaluation of surface emissions. However, it should be recognized that most inverse modeling
studies have focused on the post-2000 period, since observations of the distributions of these
species for the 1980s as well as for the early 1990s are rather scarce and do not allow an
accurate determination of the emissions using these inverse modeling techniques.
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